The effective energy calculated using the half-value layer (HVL) is an important parameter for quality assurance (QA) and quality control (QC). However constant monitoring has not been performed because measurements using an ionization chamber (IC) are time-consuming and complicated. To solve these problems, a method using radiochromic film (GAFCHROMIC EBT2 dosimetry film (GAF-EBT2) with slight energy dependency errors), a mobile scanner and step-shaped aluminum (SSAl) filter is developed. The results of the method using a mobile scanner were compared with those of the recommended method using an IC in order to evaluate its applicability. The difference ratios of the effective energies by each method using a mobile scanner with GAF-EBT2 were less than 5% compared with results of an IC. It is considered that this method offers a simple means of determining HVL for QA and QC consistently and quickly without the need for an IC dosimeter.
Introduction
The effective energy of X-ray beams is one of a number of standard quality assurance (QA) and quality control (QC) tests for various X-ray imaging systems [1] . In the radiation quality management of complex X-ray generators, the half-value layer (HVL), which is used to calculate the effective energy, is important. In general, HVLs are measured by means of an ionization chamber (IC) dosimeter, and this is referred to as the standard method. However, the HVL is not monitored constantly. The main reason for this is the time-consuming nature of the process owing to the number of measurement points. In addition, not all institutions have an IC dosimeter.
Radiochromic films can easily be used to measure absorbed doses, because they do not require development processing and indicate a density change that depends on the absorbed dose [2, 3] . Therefore, they are used in HVL measurement techniques [4] [5] [6] . One of the main characteristics of radiochromic film that sets it apart from the IC dosimeter is that it can be used to measure two-dimensional dose distributions, as well as serving as a general X-ray film.
Another principal characteristic is the calibration curve of absorbed dose versus film density. The calibration curve takes various forms depending on the type of radiochromic films [7, 8] . The calibration curve of GAFCHROMIC EBT2 (GAF-EBT2: International Specialty Products, Wayne, NJ) shows minimal curvature in the recommended dose range by manufacture [7] . Therefore, it is logical to consider that the calibration curve would be a straight line in the low range for HVL measurement. It is not necessary for film density to be converted into an absorbed dose, because the calibration curve is a straight line in the low dose range for HVL measurements of X-rays in the diagnostic range [6] . Therefore, the HVL can be evaluated using only the ratio of the density distribution in the radiochromic film [4] . On the basis of these characteristics, the HVL could be evaluated easily and quickly using the density distribution and a step-shaped Al (SSAl) filter, in what we refer to as the method using GAFCHROMIC XR TYPE-R (GAF-R: International Specialty Products, Wayne, NJ) [5, 6] .
However, there some problems that need to be solved for each measurement method using GAF-R. The attenuation curve using GAF-R, as one type of radiochromic film, shows a lower value at the thicker end of the Al filter as compared to that obtained by the standard method using an IC dosimeter. The energy-response characteristic of GAF-R is minimal over the 75-150 kVp range. However, the sensitivity of GAF-R is highest at approximately 50 keV, decreasing at higher energies [9, 10] . Higher energies were provided by the thicker steps of the Al filter, and it is considered that this is responsible for the error of lower values at the thicker end of the Al filter. Therefore, measurement of the second half-value layer was impossible due to the energy-dependent influence in the highenergy range. On the other hand, GAF-EBT2 has been shown to be capable of measuring the second HVL, because it shows only slight energy dependency errors in comparison with GAF-R and other radiochromic films [8, [11] [12] [13] [14] [15] . For these reasons, in HVL measurements of devices operating in the high-energy range (X-ray CT, radiotherapy machines, and so on), it is suggested that GAF-EBT2 offers higher measurement precision than GAF-R. Furthermore, GAF-EBT2 has several other advantages: the film size is ideally suited for this study, the dose range is 0.01-10 Gy, and the density change is stabilized rapidly after exposure so that films can be processed in real time. Based on these results, the difference ratios in the effective energies obtained by the GAF-EBT2 and standard methods with an IC dosimeter were less than about 5% in a previous experiment [6] .
However, as a disadvantage of GAF-EBT2, subtraction processing of the scanning image before and after exposure is necessary in order to maintain the precision of the HVL measurement, because of a serious uniformity error arises when GAF-EBT2 is subjected to a transmission mode scan. Therefore, the HVL measurement method using GAF-EBT2 is difficult because it requires a special process; subtraction processing. In addition, a transmission mode scan is problematic. A film scanner of A4 size or a flat-bed scanner with the transmission mode unit (a film adapter unit) is necessary. Although a more portable mobile scanner would be preferable for monitoring the effective energy of the X-ray generators constantly, mobile scanners do not typically offer a transmission mode. It was suggested that by scanning the GAF-EBT2 using reflection mode, a low absorbed dose range, such as less than 100 mGy, could be measured without the nonuniformity error associated with transmission mode [16, 17] . Therefore, all the scans of this study were performed in reflection mode.
The purpose of this study was to develop a method to evaluate the HVL simply, constantly, and quickly and at any time or place. Therefore, to measure the HVL with a mobile scanner, HVL measurement using GAF-EBT2 as the radiochromic film and a SSAl filter was performed in reflection scanning mode. The results of this GAF-EBT2 method using both a mobile scanner and a flat-bed scanner were compared with those of the standard method using an IC dosimeter in order to evaluate its applicability.
Material and methods

GAFCHROMIC EBT2 Dosimetry Film (GAF-EBT2)
GAF-EBT2 is rectangular in shape, measuring 8"×10" (20.5 cm × 25.5 cm); its specified thickness is 285 µm, and it is yellow in color. The scan mode recommended by the manufacturer for image acquisition is transmission type. However, this study was performed using reflection mode as this improves the precision of the measurement in the low absorbed dose range. When the active component is exposed to radiation, it changes to a dark-blue color. GAF-EBT2 is suitable for HVL measurement of X-rays in the diagnostic range, because it is recommended for dosimetry in the low dose range (0.01-10 Gy). In addition, its energy response character is minimal (within 10%) from keV to the 6 MV range [8, 14] . The analysis time is shortened by scanning immediately after exposure, because density changes stabilize rapidly after exposure [18] . Disadvantages are that some non-uniformity errors of a few percent are caused by the coating in the directions of the short axis and long axis [7] . The GAF-EBT2 was kept at room temperature, 20-25°C, in a shaded bag.
Characteristic of flat-bed scanner and mobile scanner
In this study, a flat-bed scanner (Epson ES-2200, Seiko Epson Co., Nagano) ( Figure 1 ) and a mobile scanner (Yashica S40, Exemode Inc., Tokyo) ( Figure 2) were used for digital image acquisition of GAF-EBT2. The read sensors of the flat-bed scanner and a mobile scanner are a charge coupled device (CCD) and a contact image sensor (CIS), respectively [19, 20] . The flat-bed scanner is able to scan a film in transmission mode by attaching a film adapter unit (EPSON ESA4FLU). For the mobile scanner, transmission mode scanning is impossible because no such adapter exists. However, the mobile scanner has characteristics of low cost and the portability compared with a flat-bed scanner. To monitor the effective energy of Xray generators constantly, a mobile scanner is ideal.
The calibration curves of a mobile scanner and the flat-bed scanner were provided to evaluate the straightness of the calibration curve for the HVL measurement using GAF-EBT2. To make the calibration curve of absorbed dose versus Net Pixel Value (NPV), 10 regions (50 pixels in diameter) on the GAF-EBT2 sheet were exposed in the range between approximately 0-120 mGy in increments of about 12 mGy. The exposure parameters were 120 kV, 250 mA, 0.4 sec, and 2.0 mm additional Al filter. Exposure dose was measured with an IC dosimeter (Radcal-1015, 6 cm 3 ) to monitor the X-ray output of the X-ray generator. The GAF-EBT2 and an IC dosimeter were placed at a distance of 1000 mm from the X-ray tube. To reduce the influence of radiation scattered from the floor, the dosimeter was placed 500 mm from the floor. The exposed GAF-EBT2 is shown in Figure 3 . HVL measurement with radiochromic film and a mobile scanner Pol J Med Phys Eng 2016;22(
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The GAF-EBT2 was scanned using a flat mobile scanner, in RGB (48 protection of a film of liquid crystal (LCD Inc., Okayama, Japan) for removal of moire artifacts. To scan GAF-EBT2 with reflection mode setting, white paper of uniform density was attached to back of the GAF Similarly, white paper of uniformity density was attached to GAF-EBT2 for scanning using a mobile scanner in RGB (48 bit) mode and 150 dpi. The scan direction was performed parallel to the long-axis direction of the GAF of the light source was a verti direction). The image data of the GAF and B modes (each 16 bit), and the R mode was used. It was converted to a gray scale and was analyzed using Image version 1.48v image analysis software (Na Health, Maryland). The region of interesting (ROI) was a diameter of 50 pixels in the center of each absorbed dose areas on GAF-EBT2 sheet, and it was averaged. The quantity of density increase was set as the NPV. Then, the calibration curves using a flat-bed scanner and a mobile scanner were provided using the NPV and absorbed dose.
HVL measurement of the GAF
A SSAl filter of more than 99.8% purity was designed. The SSAl filter has a rectangular form, with dimensions of 20 100 mm, and its thickness increases from 1 specific thicknesses of the steps are 1, 2, 3, 5, 7.5, 10, 12.5, 15, 20, and 25 mm). The inherent filtration of the X 1.1 mm Al and no further filtration was added.
HVL measurements were performed by setting the exposure parameters of the X-ray generator (DRX Medical, Tochigi) to 120 kV, 250 kV, 250 mA, 5.0 s (0.5 s × (0.5 s × 10). The anode-cathode direction of t set parallel to the long axis of the GAF impact of the X-ray heel effect on each Al filter thickness.
The thickness of the aluminum was varied in the long direction of the GAF-EBT2. A central 100 GAF-EBT2 was set as the exposure area, and lead masking plates (thickness 2 mm) were placed on either side of the exposure area to create unexposed areas. The SSAl filter was placed in the center of the exposure area. A full an unexposed area, and a SSAl filter area were thus created on the GAF-EBT2. The full compensate for a non-uniformity error caused by the active layer of the GAF-EBT2, while the unexposed area was used to compensate for a non-uniformity error cau layer of the polyester.
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EBT2 was scanned using a flat-bed scanner and a mobile scanner, in RGB (48 bit) mode, 150 dpi, with the protection of a film of liquid crystal (LCD-150, Sanwa Supply Inc., Okayama, Japan) for removal of moire artifacts. To scan EBT2 with reflection mode setting, white paper of uniform density was attached to back of the GAF-EBT2. white paper of uniformity density was attached to EBT2 for scanning using a mobile scanner in RGB (48 dpi. The scan direction was performed axis direction of the GAF-EBT2 (the axis of the light source was a vertical direction to the long-axis
The image data of the GAF-EBT2 were divided into R, G, bit), and the R mode was used. It was le and was analyzed using Image J version 1.48v image analysis software (National Institute of Health, Maryland). The region of interesting (ROI) was a diameter of 50 pixels in the center of each absorbed dose areas EBT2 sheet, and it was averaged. The quantity of density increase was set as the NPV. Then, the calibration bed scanner and a mobile scanner were provided using the NPV and absorbed dose.
HVL measurement of the GAF-EBT2
A SSAl filter of more than 99.8% purity was designed. The SSAl filter has a rectangular form, with dimensions of 20 mm x mm, and its thickness increases from 1 mm to 25 mm (the specific thicknesses of the steps are 1, 2, 3, 5, 7.5, 10, 12.5, 15, 20, and 25 mm). The inherent filtration of the X-ray tube was mm Al and no further filtration was added. re performed by setting the exposure ray generator (DRX-2924HD, Toshiba kV, 250 mA, 4.0 s (0.4 s × 10); 100 10); and 80 kV, 320 mA, 5.0 s cathode direction of the X-ray tube was set parallel to the long axis of the GAF-EBT2 to minimize the ray heel effect on each Al filter thickness. The thickness of the aluminum was varied in the long-axis EBT2. A central 100 mm band of the EBT2 was set as the exposure area, and lead masking mm) were placed on either side of the exposure area to create unexposed areas. The SSAl filter was placed in the center of the exposure area. A full-exposure area, a, and a SSAl filter area were thus created on EBT2. The full-exposure area was used to uniformity error caused by the active EBT2, while the unexposed area was used to uniformity error caused by the protective Figure 4 . Geometric arrangement of the exposure method for HVL measurement. The distances between the X-ray focus and the SSAl filter and between the SSAl filter and the GAF-EBT2 were each 500 mm. The distance from the floor to the GAF-EBT2 was over 500 mm.
The geometric arrangement of the experimental set-up of the exposure method for measuring the HVL is shown in Figure 4 . The distance from the X-ray focus to the SSAl filter was set at 500 mm to reduce the influence of diagonally incident X-rays. The distance from the SSAl filter to the GAF-EBT2 was also set at 500 mm to reduce the influence of scattered radiation from the SSAl filter. To avoid back-scattered radiation from the floor, the distance between the floor and the GAF-EBT2 was set at more than 500 mm. The scan method for the GAF-EBT2 film was performed in a similar manner as the method in above section. The GAF-EBT2 was scanned using a flat-bed scanner and a mobile scanner in RGB (48 bit) mode, 150 dpi, with the protection of a film of liquid crystal. The GAF-EBT2 was scanned by setting the scanner to reflection mode. The scan direction was performed parallel to the long-axis direction of the GAF-EBT2.
The respective image data of the GAF-EBT2, generated by the flat-bed scanner and mobile scanner, were divided into R, G, and B modes (each 16 bit), and the R mode was used. This was converted to a gray scale, inverted to black and white, and analyzed using Image J. In this study, HVLs for X-ray tube voltages of 120 kV, 100 kV, and 80 kV were measured using 1-15 mm, 1-10 mm, and 1-7.5 mm thicknesses of the SSAl filter, respectively.
The ROI was set at each thickness of the SSAl filter and was sized 900 pixels (152.4 mm) × 20 pixels (3.4 mm). The ROI on the GAF-EBT2 included a sequence of an unexposed area, a full-exposure area, the SSAl filter area, a full-exposure area, and an unexposed area. In terms of density, the densities of an exposure area and an unexposed area were set at 100% and 0%, respectively, and the density ratio of the SSAl filter area could then be calculated. The attenuation curve for HVL measurement was obtained using the density ratio of each SSAl filter thickness. The HVL was then calculated using the attenuation curve. To observe the energy dependence of the GAF-EBT2, the second HVL was calculated throughout. In addition, the effective energy was obtained from the HVL. The conversion from HVL to effective energy (HVL => linear attenuation coefficient => mass attenuation coefficient => effective energy) was calculated using the basic data of Seltzer and Hubbell at the National Institute of Standards and Technology [21] . A normal geometric arrangement of the exposure method for measuring the HVL based on Japanese Industrial Standards was adopted to minimize the influence of scattered radiation. Exposure and dose measurements were performed three times for each Al thickness, and averaged dose values were used. Observed dose values (mR) of the IC with correction for temperature and atmospheric pressure were used, because the attenuation curve was calculated using a relative dose value. Temperature correction was performed automatically by the IC. The HVLs were then calculated using the attenuation curves of the observed dose values at 120 kV, 100 kV, and 80 kV. In addition, the second HVLs were calculated. The effective energies were then calculated using the basic data of Seltzer and Hubbell [21] . For comparison of the respective data of the two scanners, as well as the standard method using the IC dosimeter, attenuation curves were generated. The results of the method using the mobile scanner in reflection mode were compared with the method using the flat-bed scanner in reflection mode, and the results of reflection mode using the two kinds of scanners were compared with those of the standard method using IC dosimetry, in order to evaluate its applicability.
HVL measurement by the standard method using an IC dosimeter
Results
Calibration curves of the GAF-EBT2 using a flatbed scanner and a mobile scanner
The calibration curves of the GAF-EBT2 using a flat-bed scanner and a mobile scanner are shown in Figure 5 . The coefficient of determination (r 2 ) for the straight-line approximation of the calibration curve using both the flat-bed scanner and a mobile scanner were higher than 0.9 (until about 120 mGy). As a result, the HVL can be evaluated using only the ratio of the density distribution in the GAF-EBT2. Profile curves of the GAF-EBT2 using a flat-bed scanner and a mobile scanner Figure 6 shows density profile curves of the ROI (120 kV and Al thickness 5 mm) using the flat-bed scanner and the mobile scanner. The profile curve of the mobile scanner showed a lower density compared to the flat-bed scanner and it showed a wider range of the density. Both the flat-bed scanner and the mobile scanner provided flat density profile curves. Attenuation curves using GAF-EBT2 (flat-bed scanner or mobile scanner) and IC dosimeter Figure 7 shows the attenuation curves for the methods using the flat-bed scanner and the mobile scanner, respectively. Figures 7 a), b) , and c) correspond to X-ray tube voltages of 120 kV, 100 kV, and 80 kV, respectively. The attenuation curves at 120 kV, 100 kV, and 80 kV using GAF-EBT2 in transmission mode with subtraction are from a previous study [6] . The characteristics of each attenuation curve were most obvious at 120 kV. The attenuation curves using the GAF-EBT2 were similar to those obtained by the standard method using an IC dosimeter. These attenuation curves thus showed a similar curve from between attenuation ratios of 1 and 0.5. 
Comparison of the collected data on HVLs and effective energies using GAF-EBT2 (flat-bed scanner or mobile scanner) and an IC dosimeter
In the standard method using an IC dosimeter, the HVLs (second HVLs) at 120 kV, 100 kV, and 80 kV were 4.03 mm (10.35 mm), 3.30 mm (8.46 mm), and 2.68 mm (6.67 mm), respectively, and the effective energies at these voltages were 38.7 keV, 35.3 keV, and 32.2 keV, respectively. Table 1 shows the HVLs, the effective energy and the second HVLs at 120 kV, 100 kV, and 80 kV for each method. The differences in ratios of each result compared to IC are shown next to the results as percentages. The difference ratios of the effective energies by each methods using GAF-EBT2 were less than 5 % at each tube voltage. 
Discussion
Reflection mode using white paper of uniform density
Radiochromic film can be measured in two-dimensions in the same way as a film dosimeter. Based on this characteristic, it was possible to evaluate the HVL with a method using radiochromic film and a SSAl filter. In a previous study, a method for obtaining precise data that compensated for the non-uniformity errors of the active layer and the protective layer of the radiochromic film was established [5, 6] . In this compensation method, the full-exposure area, the unexposed area, and the SSAl filter area are examined at each filter thickness [5] , and in this way the HVL measurement using GAF-R with reflection type can be performed with high precision. However, the transmission scan data for GAF-EBT2 showed a uniformity error caused by the transmission mode scan of the flat-bed scanner. In other words, the results were affected by the distance between the GAF-EBT2 and the light source of the scanner. The maximum scan size (21.6 cm × 29.7 cm) of the scanner used in this study was just larger than the size of the GAF-EBT2 (20.5 cm × 25.5 cm). It is suggested that the light on either side became slightly weak, even though the light source of the scanner was in a parallel orientation. This uniformity error could be almost eliminated by using reflection mode (flat-bed scanner) instead of transmission mode. We consider that the light source of the scanner in reflection mode is more uniform than that in transmission mode. The difference ratios in the effective energies using a flat-bed scanner (reflection mode) compared with the standard methods were less than 5%. Japanese Industrial Standards require that the measurement precision be less than 5%. Therefore, it is suggested that the method using a flat-bed scanner (reflection mode) with GAF-EBT2 may be of practical use for QA and QC in all institutions. In addition, this processing is very effective when scanning before exposure is impossible. However, GAF-EBT2 with reflection mode showed erroneously low values at the thicker end of the Al filter in comparison with transmission mode (with subtraction). To explain this, we consider that the route of the light in the radiochromic film is doubled by using reflection rather than transmission scanning. Therefore, although the method using GAF-EBT2 with subtraction processing was able to measure second HVL, the second HVL measurement in reflection mode has to be treated with caution.
Measurement precision of the flat-bed scanner and mobile scanner
The HVL measurement precision is influenced by the kind of the scanner as well as the kind of radiochromic film. In both the flat-bed scanner and a mobile scanner used in this study, there were several differences in the method and mechanism of image acquisition. Firstly, the mobile scanner only offers reflection mode. Therefore, reflection mode was used in order to scan GAF-EBT2 using a mobile scanner. Although differences in density dynamic range and quantum noise graininess were produced, the profile curve was as flat as with a flat-bed scanner. Secondly, the light sources of the flat-bed scanner and mobile scanner are a high-intensity xenon lamp and a lightemitting diode (LED), respectively. Although there is an overall density difference on the acquired image, these errors were eliminated by compensation processing in which the density of a fully-exposed area and an unexposed area were set at 100% and 0%, respectively. In addition, the LED light source used in the mobile scanner is advantageous in that scanning is performed immediately without the need for a warm-up to stabilize the light source.
Thirdly, the read sensors of the flat-bed scanner and mobile scanner are CCD and CIS systems, respectively. In this study, we considered that there was little influence of the read sensor type, because the GAF-EBT2 was closely attached to the surface of scanner with the protection of a film of liquid crystal.
Fourthly, we must consider movement of the radiochromic film at the time of scaning. The flatbed scanner had high reproducibility, because the GAF-EBT2 was in a fixed position for scanning. Conversely, in the mobile scanner, the image had low reproducibility because the GAF-EBT2 moved during each. However, it is considered that plasticity is not important because the image obtained by reflection mode using the mobile scanner does not require subtraction processing.
In this way, although the method and mechanism of image acquisition are different, the measurement precision of the mobile scanner (reflection mode) was nearly equal to that from the flat-bed scanner (reflection mode). It is considered that the method using a mobile scanner has sufficient precision for constant monitoring because the mobile scanner was able to measure the effective energy with a difference of less than 5% compared with the standard method.
Conclusions
Changing the scan method from transmission mode to reflection mode using GAF-EBT2 is applicable for effective energy measurement, because the difference ratios in the effective energies compared with the standard method were less than about 5%. In addition, this processing was very effective when scanning before the exposure was impossible. Based on this result, the mobile scanner proved capable of scanning GAF-EBT2 in reflection mode. The method using a mobile scanner with GAF-EBT2 described herein has portability advantages in HVL measurements for the evaluation of effective energy compared with the method using a flat-bed scanner. To constantly monitor the effective energy of X-ray generators, a mobile scanner is ideal. In addition, although the method and mechanism of the image acquisition were different, the measurement precision of the mobile scanner was nearly equal to that of the flat-bed scanner. The method using the mobile scanner offers sufficient precision for constant monitoring because the mobile scanner was able to measure the effective energy with a precision error of less than 5%. In the light of these findings, it is considered that the method using a mobile scanner with GAF-EBT2 offers a simple means of determining HVL for QA and QC consistently and quickly and at any time or place, without the need for an IC dosimeter.
